ABSTRACT
INTRODUCTION
Complex phenotypes, such as non-mendelian diseases, fitness and quantitative traits, are characterized by extremely intricate interactions between genotypes and environmental factors. Ideally, the interpretation of the genetic basis of such phenotypes should start by using the extant knowledge about their biology to select sets of candidate genes to be studied in detail. However, in many cases biological knowledge is still scarce and no candidate genes or regions can be linked to a given complex trait or disease. In such cases, whole genome scans (WGSs), in which large sets of markers are selected across the entire genome and simultaneously tested, are becoming the approach of choice. Owing to new genotyping technologies, WGSs are being increasingly used as a routine method in the identification of novel genomic variants and regions that show association with a given trait or disease or that display the signature of adaptive evolution.
The main advantages of WGSs-namely, the fact that they are model free and use enormous numbers of markers-constitute also * To whom correspondence should be addressed. † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors. their main weaknesses, since performing large numbers of tests implies that a very large numbers of false positive results will be obtained. The overall type I error due to multiple testing in WGSs is usually controlled by procedures such as the Bonferroni correction (Westfall and Young, 1993) or the Benjamini and Hochberg false discovery rate (FDR) correction (Benjamini and Hochberg, 1995) . These corrections tend to be conservative, leading to a considerable lack of statistical power when the number of genetic markers analyzed (tests performed) is large; therefore, new methods are being devised that try to improve the design of WGSs so the multiple testing problem is minimized (Weller et al., 1998) . The statistical rigor of all these approaches makes them extremely useful. However, none of them can take into account genomic information such as the gene content of the region linked to a given marker, the recombinational landscape or the density of markers. All the heuristic navigation in the ocean of data that a WGS represents is left for the researcher to do by hand.
ALGORITHM IMPLEMENTATION
Here we present Association Cluster Detector (ACD), a simple tool that, first, allows the user to choose among four different, statistically rigorous, multiple testing corrections and, second, implements a heuristic method that helps in detecting potentially interesting candidate regions by exploiting the distribution of positively associated markers. It is important to stress that the sliding-window method by itself does not correct for multiple testing and, in fact, would also generate a multiple-testing situation if taken as statistically rigorous.
The input to ACD is a file containing labels for the markers, their genomic positions (both physical and genetic measures are accepted) and the P -values resulting from the association test performed in the WGS. The user is allowed to adjust these P -values using any of four standard procedures, two simple and two classical sequential ones: (1) Bonferroni correction, (2) Sidak correction (Westfall and Young, 1993) , (3) sequential Bonferroni (Holm, 1979) and (4) Benjamini and Hochberg FDR correction (Benjamini and Hochberg, 1995) . Starting with either adjusted or original P -values, the program implements an algorithm that identifies genomic regions harboring clusters of markers showing significant association with any particular disease or trait.
To do so, ACD generates as many windows as there are markers in the study. The size of these windows is set by the user, although ii180 Association Cluster Detector
Fig. 1. Illustration of the graphical output of ACD (see text for details).
The graph represents the binomial probability of an equal or greater number of significant markers in every window. A probability of 1 reflects the fact that there are no significant markers in that window. The straight line shows the user-selected P -value (0.05 in this case) beyond which a window is considered to harbor an excess of significant markers. Two candidate windows are detected in this scan.
the program suggests a minimum window size after a first scan of the input file (forcing at least three markers per window). For every window, the total number of markers and the number of markers showing significant association with the phenotype are computed. Then, the proportion of significant markers in a chromosome or in the full genome is used to predict the number of significant markers expected in each window under the hypothesis of independent distribution of significant markers. A window is considered to contain an excessive number of significant markers when, given the proportion of significant markers in the chromosome and the number of markers in the window, the probability of obtaining a number of significant markers equal to or greater than the observed number is smaller than an arbitrary P -value value selected by the user. The probability of a particular number of significant markers within a window is estimated by means of a binomial distribution.
ACD organizes its output in separate html files with information about the positions of every window, the markers contained therein and the probabilities of an equal or greater number of significant markers in each window. A graphical representation of the distribution of the probabilities in a given chromosome or region is provided, so the user can easily identify the genomic regions harboring an excess of significantly associated markers. Starting from either the graphic representation or the html files, the user can link out to the ENSEMBL project information about the markers and the genomic region spanned by the windows, which further facilitates informed searching of candidate regions/genes. This program is built as a Java applet and can be run on Linux, Mac or Windows platforms as a standalone application.
USAGE EXAMPLE
This heuristic algorithm has been successfully tested in a WGS using >5000 microsatellites to identify genomic regions that might confer susceptibility to multiple sclerosis (MS) in the Spanish population (Goertsches et al., 2003) . ACD could detect windows of interest around regions that had previously been associated with MS and allowed for the discovery of additional windows containing candidate genes. As an illustration of the method, we show the results of the analysis of chromosome 10. Of a total of 209 markers in this chromosome, 17 presented significant association with MS. ACD identified two windows where there was excessive accumulation of significantly associated markers (Fig. 1) . Crucially, one of these windows contained markers whose level of association with MS was much too low to pass any correction for multiple testing but that were located in a potentially interesting region. Further investigation of this region by means of dense single nucleotide polymorphism coverage allowed for the detection of a previously unidentified gene associated with MS (Goertsches et al., 2005) .
